Abstract This paper presents a comparative study of two path-following controllers developed for guiding autonomous vehicles in semi-structured outdoor environments. Part of this paper is focused on the performance of two path-following controllers, which are implemented using two different approaches, the first using fuzzy logic and the second using chained systems theory. The control effort and the errors magnitude along the path are evaluated in a comparative way. A magnetic guidance system for autonomous vehicles navigation in semi-structured outdoor environments is also described, integrating redundant encoders data and absolute positioning data provided by onboard magnetic sensors and magnetic markers buried in the road. Simulation and experimental results are presented showing the effectiveness of the overall control system. U. Nunes ( )
Introduction
A new approach for mobility providing an alternative to the private passenger car, by offering the same flexibility but with much less nuisances, is emerging, based on fully automated electric vehicles, named cybercars [6, 18] . A fleet of such vehicles might be an important element in a novel individual, door-to-door, transportation system to the city of tomorrow. These vehicles must be user-friendly, easy to handle and functioning with total safety, not only for passengers but also for other road users. These vehicles are already in operation in specific environments featuring short trips at low speed [3, 6] .
For fully automated operation, path-following and lateral controllers have been widely investigated, using different control strategies, such as fuzzy-logic, sliding mode and chained form based controllers. In [22] , a simplified nonlinear kinematics model is proposed, intended to ease the design and implementation of a stable lateral controller. Fuzzy-logic controllers (FLC) are described in [10, 11] . The design and simulation evaluation of trajectory-tracking and path-following controllers based on sliding mode control is described in [21] . This paper describes developments of an autonomous navigation system applied on guiding a four-wheel actuated electrical vehicle moving in semistructured outdoor environments. Its purpose is to provide guidance control with anti-collision behaviour for low-speed vehicles moving in cybercars scenarios. Cybercars [6] have to satisfy challenging requirements like following a path, with high accuracy, in narrow spaces shared with other vehicles and in some areas with pedestrians, providing ride comfort, with low level of jerk and assuring complete safety with human driverless control. A suitable controller has to be chosen fulfilling the previous requirements, which motivated the comparative study of the two lateral control strategies presented in this paper.
Odometry being essential for autonomous navigation is not enough due to its relative and integrative nature. So, it is required to complement odometric data with absolute positioning. Data fusion of ABS sensors and GPS for outdoor localization, based on an Extended Kalman Filter (EKF) had been presented in [4] . Selflocalization, given a map of the environment, and the more challenging problem of simultaneous localization and mapping are two examples of key mobile robot problems requiring positioning data. The most commonly used localization probabilistic approaches employ Kalman filtering (e.g. [13]), grid-based Markov localization [9] and Monte Carlo methods [8] . On the other hand, the California Partners for Advanced Transit and Highways (PATH) Program has been given important contributions in the development of a reference system based on magnets for vehicle lateral guidance/control [24, 27] .
Navigation architecture
The overall navigation system (see Fig. 1 ) is composed of three main subsystems, which are designated by path-following controller (PFC), vehicle's pose estimator (VPE) and multi-target detection and tracking system (MTDTS). The MTDTS is described in [16] , while the PFC and VPE modules are addressed in this paper. The PFC is made up of two main modules: the velocity planner (VP) and the lateral controller (LC). The VP provides local target points of the reference trajectory and computes the maximum and the comfortable velocities, taking into account external factors. The considered external factors are tyre characteristics and passenger comfortable lateral and longitudinal accelerations.
Two lateral controllers, one fuzzy-logic-based and another using chained form theory, were developed which are described and compared in this paper.
Kinematics and odometry model

Kinematics model
A Robucar (manufactured by Robosoft) is used in the autonomous navigation experiments. It is equipped with four wheels, each one driven by an independent
